V ascular endothelial growth factor (VEGF) is thought to have angiogenic and proatherosclerotic properties. 1, 2 Observationally VEGF is positively associated with cardiovascular disease (CVD), although the association may not be linear. 3 However, it is unclear whether the association is due to confounding or reverse causation because VEGF may be a symptom of acute myocardial infarction. 4 VEGF is pharmacologically modifiable, 5 so assessment of its potential as a target of intervention for CVD prevention is important, and clarifying its etiological role may improve understanding of CVD. Trials have shown that statins lower VEGF, 5 raising the possibility that one of the additional benefits of statins may be due to effects on VEGF. Little evidence from randomized controlled trials concerning the effects of VEGF on CVD in the general population is available. Previous randomized controlled trials among patients with ischemic disease did not provide strong evidence for clinical efficacy of VEGF. 6 Mendelian randomization studies use genetic predictors randomly allocated during conception, analogous to the randomization process in a randomized controlled trial. Genetic variants are unlikely to be affected by factors such as lifestyle or socioeconomic position, which commonly confound observational studies. Furthermore, genetic variants are unlikely to be affected by disease outcomes, and hence, Mendelian randomization is more resistant to reverse causation. 7 As a result, this design may provide more credible evidence concerning the role of VEGF in CVD than observational studies. 8 Mendelian randomization studies may also provide evidence more relevant to effects in the general population because randomized controlled trials are often conducted in patient populations only. 6 Meta-analysis of candidate gene studies examining the relation of VEGF-related genetic polymorphisms to coronary artery disease found no evidence supporting a causal effect of VEGF on ischemic heart disease (IHD), but these studies were of limited size (%630 participants in the analysis for IHD) 9 and so were potentially underpowered as well as open to publication bias. To provide a more definitive answer about the role of VEGF in CVD, both as a target of intervention and from an etiological perspective, we conducted a Mendelian randomization study using the largest genome-wide association study (GWAS) to date of VEGF (n=16 112), 10 applied to a large IHD case (n=60 801
for IHD)-control (n=123 504) study.
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Methods
Study Design
This is a Mendelian randomization study, ie, an instrumental variable analysis with a genetic instrument, and has 3 key assumptions: (1) the genetic instrument predicts the exposure; (2) the genetic instrument is not associated with confounders of the exposure-outcome relation; and (3) the genetic instrument does not affect the outcome other than via its influence on the exposure of interest (exclusion restriction, ie, absence of horizontal pleiotropy). We attempted to address these assumptions first by choosing as genetic instruments for VEGF genetic variants that strongly predicted VEGF, second by using genetic instruments because genetic instruments are unlikely to be associated with confounders of the exposure-outcome relation, and third by checking whether the genetic variants predicting VEGF are known to have any horizontal pleiotropic effects on IHD, ie, effects on IHD via pathways that do not involve VEGF. In the context of Mendelian randomization, if an instrument's pleiotropic effect is mediated via VEGF (ie, vertical pleiotropy), then it would not violate the instrumental variable assumption. 12 Furthermore, there are also other assumptions such as negligible measurement error for the gene-exposure relation (no measurement error assumption), if the variance of the estimates does not take into account the variance of the genetic variants on exposure, which is likely to be satisfied in large samples.
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Genetically Predicted VEGF 
Clinical Perspective
What Is New?
• Using Mendelian randomization on very large populations, we do not find any evidence of a causal role of vascular endothelial growth factor in ischemic heart disease.
• The roles of specific vascular endothelial growth factor subtypes on ischemic heart disease require further investigation.
What Are the Clinical Implications?
• Our results suggest that therapeutic strategies targeting vascular endothelial growth factor may not be of benefit for ischemic heart disease.
variants and included 60 801 IHD cases and 123 504 controls. 11 Case status was defined by an inclusive coronary artery disease diagnosis such as myocardial infarction, acute coronary syndrome, chronic stable angina, or coronary stenosis >50%. These were ascertained in various ways, such as medical records, clinical diagnosis, procedures that indicate coronary artery disease, medications or symptoms that indicate angina, or self-reports as described elsewhere.
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Statistical Analyses
Estimates of the effect of VEGF on IHD were obtained from separate sample instrumental variable analyses. 14 We calculated SNP-specific Wald estimates and obtained the variance using the Feiller theorem. 15 We used inverse variance weighting with fixed effects to combine the SNP-specific estimates for uncorrelated SNPs (ie, with r 2 <0.05), which is a common approach for separate sample instrumental variable analyses using summary data from GWAS. From the analysis we reported the odds ratio per log-transformed increase in VEGF for IHD with a 95%CI. However, inverse variance weighting will give biased estimates if some of the instruments are invalid.
14 Sensitivity Analyses
MR-Egger Method
We conducted MR-Egger analysis, which will give an unbiased estimate even if all instruments are invalid (eg, presence of directional pleiotropy). 16 However, MR-Egger only gives valid estimate if the Instrument Strength Independent of Direct Effect (InSIDE) assumption holds. Unfortunately, the assumption cannot be tested empirically because it would be violated if many genetic instruments influence the same unmeasured confounder of an exposure outcome relation. 16 MR-Egger may also be susceptible to effect estimate dilution due to violation of a no-measurement-error assumption for instrument on exposure. To assess the degree of such dilution, we assessed the heterogeneity of the relation of genetic instruments on exposure (I 2 GX ) and adjusted the MR-Egger estimate using the simulation extrapolation (SIMEX) method if I 2 GX was less than 90%. 17 Furthermore, a very low I 2 GX would suggest that MREgger may be less robust but nevertheless serve as an indicator for the validity of this test. 17 From the MR-Egger regression, we also reported the intercept and the P value, which indicate the presence of overall directional pleiotropy if P value is <0.05.
Exclusion of Horizontal Pleiotropic SNPs/Lead SNP
We repeated the analyses, ie, inverse variance weighting and MR-Egger with the exclusion of SNPs exhibiting horizontal pleiotropy or the lead SNP, contributing more than 50% weight in the overall analysis, as additional sensitivity analyses to examine their impact on the overall estimate.
Power Calculation
We used the online calculator for power calculation of MR studies (http://cnsgenomics.com/shiny/mRnd/) to estimate power. 18 In the original GWAS the variance explained by all 10
SNPs ranged from 19% to 52%. 10 However, one of the SNPs (rs34528081) was excluded because it was not genotyped in CARDIoGRAMplusC4D 1000 Genomes and had no proxy. Assuming the remaining 9 SNPs explained only the lower bound of the total variance (ie, 19%), the sample size allows estimation of an effect size of odds ratio 0.97 for IHD per standard deviation of VEGF at 80% power with 5% significance. All statistical analyses were conducted using R version 3.2.3 (R Foundation for Statistical Computing, Vienna, Austria) using the package "TwoSampleMR" from Github 19 and scripts in the cited reference. 17 The relevant scripts can be found in Data S1. This analysis of publicly available data does not require ethical approval.
Results
Based on the most recent GWAS of VEGF, 10 SNPs reached genome-wide significance: rs1740073 (C6orf223), rs2375981 (KCNV2), rs2639990 (ZADH2), rs4782371 (ZFPM1), rs6921438 (LOC100132354), rs7043199 (VLDLR-AS1), rs10761741 (JMJD1C), rs6993770 (ZFPM2), rs114694170 (MEF2C), and rs34528081 (VEGFA), which explained up to 52% of the VEGF phenotypic variance. 10 Among them, rs34528081 (VEGFA) was not genotyped in the CARDIoGRAMplusC4D 1000 Genomes-based GWAS, and no proxy for rs34528081 could be identified; hence, it could not be included in the analyses. The remaining 9 SNPs were largely uncorrelated, although rs1740073 was minimally correlated with rs6921438 (r 2 <0.001) and rs2375981 with rs7043199 (r 2 =0.001), so all 9 SNPs were used. The SNP rs6993770 (ZFPM2) was potentially pleiotropic because it is associated with platelets according to Ensembl (P=4910 À17 ) and so might affect IHD other than via VEGF. The lead SNP (rs6921438 in LOC100132354) contributed 82% of the weight in the inverse variance-weighting analysis. Information extracted concerning these SNPs is given in Table S1 . Table shows the MR estimates for VEGF on IHD using different methodological approaches. The inverse varianceweighted estimate showed no clear association of VEGF with IHD (odds ratio 0.99 per log-transformed pg/mL, 95%CI 0.96-1.02) using all 9 SNPs. Figure 1 shows that rs6921438 (LOC100132354) was most influential in the analysis. However, the estimate was not substantially different when rs6921438 (LOC100132354) or rs6993770 (ZFPM2) or both SNPs were excluded. The MR-Egger estimate gave an inverse association of VEGF with IHD (odds ratio 0.95, 95%CI 0.91-0.99) based on 9 SNPs or with rs6993770 (ZFPM2) excluded, but the MR-Egger estimate was null after exclusion of rs6921438 (LOC100132354) or both SNPs. The MR-Egger intercept P value (P=0.02 using all 9 SNPs) suggested directional pleiotropy, which is also reflected in the scatterplot of the genetic association of outcome against genetic association of exposure for each genetic instrument included in this study (Figure 2 ). However, this was no longer evident after excluding rs6993770 (ZFPM2) (P=0.09), excluding rs6921438 (LOC100132354) (P=0.78), or excluding both rs6993770 (ZFPM2) and rs6921438 (LOC100132354) (P=0.63). I 2 GX was >90% in all analyses, suggesting that dilution of the MR-Egger estimate due to violation of the nomeasurement-error assumption was limited.
Discussion
This first MR study examining the relation of VEGF with IHD found little evidence for a causal role of VEGF in IHD, consistent with meta-analysis of candidate gene studies. 9 Therefore, the positive relation of VEGF with CVD seen in observational studies is unlikely to be causal. 3 The function of VEGF is diverse, ranging from angiogenesis, vascular permeability, and tumorigenesis to possibly atherosclerosis, 6 ,20 which in turn has led to the development of corresponding therapies for several diseases, including cancer, CVD, and the retinopathy of prematurity. 21 Although VEGF-targeted therapies have had benefits in cancer and macular degeneration, albeit causing some side effects including hypertension and ocular inflammation, 20, [22] [23] [24] [25] benefits are less apparent in the treatment of ischemia. 6 The
Framingham Heart Study suggested an inverted U-shaped relation of VEGF with CVD, which could reflect a complex action of VEGF on CVD or could be an artifact of confounding and reverse causation. 3 Other smaller studies also showed conflicting results, where people with CVD did not always have higher VEGF. 26, 27 Given the largely null findings from our study, VEGF could possibly be a biomarker or symptom of CVD rather than a cause. Similarly, randomized controlled trials did not show that VEGF improved clinical outcomes, although the effects were studied primarily in ischemic patients, 6 as is typical of smaller clinical trials. Nevertheless, better understanding of VEGF, such as its role in angiogenesis, and how the drugs should be designed to bring about its intended effects, may help to explain the null results in previous trials. 28 Statins decrease cardiovascular risk more than would be expected from their effects on lipids, suggesting that statins may have multiple effects in addition to lowering low-density lipoprotein cholesterol. 29 Although statins lower VEGF, our study suggests the additional benefits of statins in reducing CVD risk do not appear to be primarily due to statin influence on VEGF although this is speculative and could only be confirmed in other study designs such as a mechanistic randomized controlled trial. 5 Previous studies primarily focused on the effects of VEGF-A although other classes of VEGF may have unknown effects relevant to CVDs. 1 For example, VEGF-B may have cytoprotective properties, and animal studies have provided some evidence of clinical utility such as delayed dilated cardiomyopathy progression, whereas VEGF-C might be higher in those with ischemic cardiomyopathy. 1 Further investigation of the cardiovascular effects of VEGF sub-types may provide additional insight into their etiologic role in CVDs with corresponding implications for drug development. 30 The most influential SNP in this MR study of VEGF on IHD is rs6921438 (LOC100132354), which is located downstream of VEGF and close to C6orf23 but encodes a currently uncharacterized protein, 31 so it is difficult to know why it is relevant; rs6921438 might also be related to lipids, although the P values did not reach genome-wide significance (1.2910 À7 for high-density lipoprotein cholesterol and IHD indicates ischemic heart disease; MR, Mendelian randomization; SNP, single nucleotide polymorphism; VEGF, vascular endothelial growth factor.
1.5910
À4 for low-density lipoprotein cholesterol). 32 Some of the gene regions including the other VEGF-related SNPs are associated with other phenotypes. 10, 31 JMJD1C is related to liver function, platelet counts, sex-hormone-binding globulin, and androgen levels. 10 ZFPM1 may be related to heart and coronary vessel development. MEFC2 is related to neurodevelopment. 10 Because the SNPs used to predict VEGF lack definitive characterization of their full functional effects, we used MR-Egger regression and exclusion of potentially pleiotropic SNPs to reduce the likelihood of bias as sensitivity analyses. 8 We found the inverse association of VEGF with IHD that was no longer evident using MR-Egger regression excluding rs6921438 (LOC100132354). The rs6921438 is very influential (Figure 1 ) and may have been driving any inverse association. Whether the potential inverse association of VEGF with IHD is meaningful awaits clarification of the functional role, or otherwise, of rs6921438 and the other SNPs predicting VEGF in IHD.
Although we used separate sample instrumental variable analysis with genetic instruments, which is less susceptible to residual confounding than observational studies, limitations exist. First, MR has stringent assumptions. We chose SNPs that strongly predicted VEGF in GWAS. 10 Because genetic variants are randomly allocated during conception, the genetic variants are unlikely to be associated with potential confounders. We also used several MR techniques Figure 1 . Single-nucleotide polymorphism (SNP)-specific and overall estimates for the effect of vascular endothelial growth factor (VEGF) (per log-transformed pg/mL) 10 on ischemic heart disease (IHD) 11 using Mendelian randomization with inverse variance weighting with fixed effects. Figure 2 . Scatterplot of the genetic association of outcome against genetic association of VEGF for each single-nucleotide polymorphism used in this study 10 on ischemic heart disease (IHD).
11 VEGF indicates vascular endothelial growth factor.
including using MR-Egger regression, although we did not use a weighted median because 82% of the weight came from the lead SNP for VEGF (rs6921438 in LOC100132354) when a weighted median estimate gives consistent estimates only if more than 50% of the weight is from valid instruments. 14 We also repeated the analyses excluding rs6921438 (LOC100132354) to check if the estimates were driven by this lead SNP. We searched comprehensively from genotype to phenotype to identify potentially pleiotropic effects and excluded potentially horizontal pleiotropic SNPs to reduce the likelihood of biases due to violation of the instrumental variable analysis. However, we are limited by current knowledge and lack of access to summary statistics of all genome-wide association studies of cardiovascular risk factors to check for potential genetic associations, so we cannot exclude the possibility that our estimates are biased by currently unknown pleiotropic effects. Nevertheless, we conducted MR-Egger regression, which is more robust to the inclusion of invalid SNPs, and generally found no evidence for the relation of VEGF and IHD risk, with estimates close to null. Furthermore, we were unable to examine potential nonlinearity of VEGF on IHD because we only used summary statistics in this study, whereas the existing method for assessing nonlinearity in MR requires individual-level data. 33 Nevertheless, this could be further explored in the UK Biobank once it accumulates enough IHD cases. 34 Genomic control in the GWAS reduced the likelihood of confounding by population stratification. 10, 11 The SNPs included in this study were replicated, and we used estimates from the discovery and replication stages combined. Hence, the results should be less susceptible to the winner's curse. However, a small proportion (5%) of the 184 305 participants in CARDIoGRAMplusC4D1000 Genomes-based GWAS come from the VEGF GWAS (n=9548), and any resulting bias due to winner's curse could underestimate the association between VEGF and IHD risk. 35 Channeling bias is also unlikely because the genetic variants were randomly allocated at conception and hence should not be determined by other factors. Second, we assumed the genetic association with VEGF was present in CARDIoGRAMplusC4D 1000 Genomes-based GWAS, which is likely, as both studies mainly included adults of European descent. 10, 11 Third, we did not apply the VEGF SNPs to CARDIoGRAMplusC4D metabochip, as it only had 3 VEGF SNPs (rs6921438, rs6993770, and rs10761741). [36] [37] [38] Based on these 3 VEGF-related SNPs, the association of VEGF with IHD was 1.00 (95%CI 0.96-1.05) using inverse variance weighting with fixed effects, and the MR-Egger regression estimate was 0.96 (95%CI 0.62-1.48) similar to the analyses using CARDIoGRAMplusC4D 1000 Genomes-based GWAS, although the MR-Egger regression estimates had a wider confidence interval. Nevertheless, differences in sample size and population characteristics between the 2 CARDIoGRAM GWAS might have contributed to any differences. Fourth, we were unable to include rs34528081 (VEGFA) in the analyses because it was not genotyped in the CARDIoGRAMplusC4D 1000 Genomes-based GWAS, and no proxy SNPs could be identified for it. VEGFA is the main genetic locus-determining serum VEGF, 39 so we cannot rule out the possibility that inclusion of this SNP could produce a different estimate for the effect of VEGF on IHD or that VEGF-A may have a different effect from other types of VEGF. Nevertheless, we have also included other SNPs, which may have better predictive power than VEGFA, based on the estimates for these SNPs on VEGF compared to the estimates for rs34528081 (VEGFA) on VEGF. 10 Fifth, our study does not provide direct evidence on the role of VEGF in ischemia treatment, given that participants included in this study are not only patients suffering from ischemia. However, causal effects are usually consistent. This MR study suggests that the observed positive association of VEGF with IHD is unlikely to be causal. Further MR studies using individual-level data may be useful to delineate any potential nonlinearity between VEGF and IHD risk and to identify the effects across classes of VEGF. Table S1 . Characteristics of single nucleotide polymorphisms (SNPs) used in the Mendelian Randomization analysis of the effect of vascular endothelial growth factor (VEGF) ( 
